The enantiomers of 6-methoxy-3,3',3'-trimethylspiro[2H-1-benzopyran-2,1'[2]oxaindan] were separated with the high-pressure liquid chromatography method. Their optical properties were studied experimentally and by quantum-chemical calculations. The absolute configurations of the compounds were determined by comparison of the measured and calculated CD spectra.
Introduction
Spiropyrans represent a class of organic photochroms [1 -3] . The discovery of the photochromic reaction of spiropyrans by Fischer and Hirshberg in 1952 [4] , and Hirshberg's idea of using this phenomenon for a photochemically erasable memory [5] initiated active research on photochromic spiropyrans. Based on their reversible colour and other changes in physical and chemical properties, these photoresponsive materials have now found many applications: self-developing photography, displays, optical filters, lenses of variable optical density, including sun glasses, optical recording media, etc. [1, 6 -10] . The photochromic (and also thermochromic) behavior of these compounds is due to the interconversion between the colourless closed spiropyran and the opened merocyanine-like dye (Scheme 1). Owing to the presence of the stereogenic C spiro atom, the spiropyran molecules are chiral.
An enantiomerically pure, optically active spiropyran could be the object of several interesting experiments [3, 8, 11, 12] , but laboratory procedures normally give a 1:1 mixture of both enantiomers. Successful attempts to separate the spiropyran enantiomers have already been undertaken by Mannschreck and coworkers [12 -14] , but the absolute configuration of the 0932-0784 / 03 / 0700-0443 $ 06.00 c 2003 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 1. stereoisomers has not been determined and still remains unknown. In this paper, we describe the separation of the enantiomers of 6-methoxy-3,3',3'-trimethylspiro[2H-1-benzopyran-2,1' [2] oxaindan] (1). We then measured the UV and CD spectra of both enantiomers and tried to determine the absolute configuration by comparison of the experimental CD spectra with the calculated ones.
Results and Discussion
Separation of the enantiomers and their optical properties. The enantiomers of 1 ( Fig.1) were separated with the high-pressure liquid chromatography (HPLC) method [12] .
The experimental CD spectrum of one of the enantiomers of 1, recorded in MeOH, is shown in Figure 2. The Cotton effects at wavelengths > ca. 250 nm are very broad and relatively weak while those below this value are not only much stronger but also signifi- The experimental and calculated UV spectra of the studied spiropyran are given in Figure 3 . Measured and calculated values of λ max and ε max are listed in Table 1 a) .
a) The first absorption band in the UV spectrum has been observed and calculated at 316 and 351.9 nm, respectively. Compared with the other bands of the spectrum, this absorption is relatively weak. antiomer of spiropyran 1. The coordinates used in the CD calculation have been obtained by geometry optimization of a structure based on standard bond lengths and bond angles [15] with the density functional theory (DFT) b) . All DFT calculations were performed using the TURBOMOLE [16] set of programs. In these calculations we used the B-P86 combination of exchange and correlation functionals [17] and a triple-ζ valence basis set, augmented by a shell of polarization functions (TZVP). The solvent effect (ε CH 3 OH = 32.63) has been taken into account by an electrostatic continuum model (COSMO, conductor-like screen model [16, 18] ). Two perspective views of the optimized spatial structure of the R-spiropyran are shown in Figure 4 .
The UV and CD spectra have been calculated with the time-dependent density functional theory (TDDFT) [19] employing the structure optimized at the DFT level (Figures 3b and 5 ). For the calculation of the rotational strengths the origin-independent dipole velocity approximation has been used [20] .
Omitting the methyl and methoxy substituents compound 1 can approximately be described as consisting of two planes which intersect at an angle of 81.3 • and share the spiro carbon atom. Each of these planes contains one of the aromatic rings A and B, respectively b) The calculated dipole moments of the molecule obtained in the gas phase and in presence of the solvent are 2.13 and 3.43D, respectively.
( Figure 1 ). The symmetry of the molecule is C 1 and, therefore, a strict division of the molecular orbitals into π-and σ -orbitals is not possible. However, using local symmetry we call such orbitals σ -and σ * -or π-and π * -MOs which are symmetric or antisymmetric with respect to one of the two planes mentioned above. The Kohn-Sham orbitals (KSOs) Ψ 74 − Ψ 90 are shown in Figure 6 . The corresponding eigenvalues of the energy cover the range between approximately −8 and 1eV, and it can be seen that each of the π-and π * -MOs is widely localized in one of the planes containing either ring A or B.
Our TDDFT calculations in presence of MeOH predict 50 transitions in the range between 180 -400 nm. The relevant configurations for these states are listed in Table 2 together with the calculated oscillator and rotational strengths at the absorption maxima. In addition we list the angles θ between the electric and the magnetic transition dipole moments. In cases where this angle is close to 90 • the sign of the corresponding Cotton effect is very sensitive even to small changes of the molecular structure.
For reasons of comparison we list the corresponding data for the 50 lowest transitions calculated for the gasphase in Table 3 . All transitions are solvent-dependent as far as the excitation energies and the contributions of the leading configurations are concerned. Under the influence of the solvent the excitation wavelengths are shifted to the blue. The strongest shift of about 24 nm has been calculated for the energetically lowest transition (π → π * ), which in presence of MeOH has been predicted to occur at λ = 359.8 nm. It occurs from the HOMO (Ψ 82 ) to Ψ 84 and has a small positive rotational strength. While Ψ 82 has its largest coefficients at the aromatic ring A and the neighbouring olefinic double bond, Ψ 84 is predominantly located at benzene ring B (cf. Figure 6 ). This excitation can therefore be described as an intramolecular charge transfer transition from ring A to ring B. The second excitation, calculated at λ = 353.1 nm with a much stronger negative rotational strength, occurs from the HOMO to the LUMO (Ψ 83 ) and is also a π → π * transition. However, different from the first one, in this case both KSOs are located in the same plane and have their largest coefficients at the aromatic ring A and the adjacent olefinic double bond. The third transition calculated at 337.7 nm (Ψ 82 → Ψ 85 ), can again be described as an intramolecular charge transfer of the π → π * type. The excitation with the most negative rotational strength (−33.90 × 10 −40 erg · cm 3 ) above 200 nm has been calculated at 231.4 nm. It is located in the ring A and is the energetically lowest transition which involves an excitation from a σ -to a π * -MO (Ψ 76 → Ψ 83 ). In the same region the strongest positive rotational strength (21.76 × 10 −40 erg· cm 3 ) has been calculated for a transition at 221.7 nm. It contains almost equal contributions of a transition from ring A to B (Ψ 77 → Ψ 85 ) and another one located in A (Ψ 82 → Ψ 87 ).
The calculated CD curves ( Figure 5 ) have been obtained as a sum of Gaussians, each of which has been centered at the wavelength of the corresponding transition and multiplied with its rotational strength [21] . Two different approaches have been used to obtain the half bandwidths (Γ ) of the Gaussians. First we used the empirical formula Γ = κ · λ 1.5 cal , where λ cal is the calculated transition wavelength and the parameter κ has been assumed to be 0.00375 c) [22] . The resulting CD spectrum is shown in Figure 5a . According to the shape of the Cotton effects the experimental CD curve in Figure 2 might roughly be divided into two parts: above ∼250 nm the Cotton effects are consistently very broad while those at wavelengths below this value are much sharper. In a second approach we therefore used two different bandwidths to model the short and the long wavelengths part of the CD curve. Thus, the Gaussians have been generated using values of Γ = 7 for λ < 240 nm and Γ = 30 for λ ≥ 240 nm at ∆ε max,cal /e. In both cases the empirical relationship ∆ε max,cal = 2.28 · λ max,cal · Γ −1 · R (R is the rotational strength) has been used to calculate ∆ε max,cal . The resulting CD spectrum is shown in Figure 5b . The signs of the Cotton effects in Figs. 5a and 5b and, therefore, the characteristics of both calculated spectra agree. A comparison of the experimental and the calculated CD spectra in Figs. 2 and 5a,b shows that the signs of the Cotton effects in the theoretical spectrum calculated for R-1 are essentially opposite to the experimental ones. Thus, we conclude that the enantiomer investigated experimentally should have the Sconfiguration d) .
d) Note that use of two different values of Γ results in a much better agreement between the shapes of the calculated and measured CD curves than use of the empirical function Γ = κ · λ 1.5 cal .
Experimental Part
High-pressure liquid chromatography was performed on a chiracel-OD coulumn with n-hexane/ ethanol (v:v = 89:1, column 200 × 20 mm, flow rate 6 ml·min −1 , pressure 11 bar) as eluent. The injected quantities of the racemates were in the range of 10 mg in 1 ml of eluent. For photomeric detection the absorption of the compound at 365 nm was used.
The CD spectra were measured using a Circular Dichroism spectrometer (AVIV Model 62DS) at room temperature in methanol. for a fellowship granted by the Graduierten Kolleg "Methoden in der Asymmetrischen Synthese". We further thank Mrs. C. Vermeeren for her technical assistance.
